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Abstract

Low speed wind tunnel performance tests of
two advanced propellers have been completed at the
NASA Lewis Research Center as part of the NASA
Advanced Turboprop Program. The 62.2 cm {24.5 in)
diameter adjustable pitch models were tested at
Mach numbers typical of takeoff, initial climbout,
and landing speeds (i.e., from 0.10 to 0.34) in
the KASA Lewis 10- by 10-Foot Supersonic Wind
Tunnel.

Both models had eight blades and a cruise
design point operating condition of 0.80 Mach
number, 10.668 km (35 000 ft.) I.S.A. altitude,
243.8 m/s (800 ft/s;c t1p speed gnd a high power
loading of 301 KW/m 5 shp/ft<)

No adverse or unusual Tow speed operating
conditions were found during the test with either
the straight b?ade SR-2 or the 45° swept SR-3 pro-
pellers. The 45° swept propeller efficiency
exceeded the straight blade efficiency by 4 to §
percent. Typical net efficiencies of the straight
and 45° swept propeller at a Mach 0.20 takeoff
condition were 50.2 and 54.9 percent respectively.
At a Mach 0.34 climb condition, the efficiencies
were 53.7 and 59.]1 percent. Reverse thrust data
indicated that these propellers are capable of
producing more reverse thrust at Mach 0,20 than a
high-bypass turbofan engine at Mach 0.20.

Introduction

The attractiveness of advanced turboprop pro-
pulsion results from its potential for very high
propulsive efficiency at cruise speeds up to
Mach 0.8. A comparison of the installed cruise
efficiency of turboprop-powered and turbofan-
powered propulsive systems is shown in Fig. 1 over
a range of cruise speedgs. The efficiencies shown
in the figure inciude the installation losses for
both systems; namely, nacelle drac for the turbo-
prop systems, anc fan cowling external drag and
internal fan airflow losses associated with inlet
recovery and nozzle efficiency for the turbofan
systems. Conventional lower speec turboprops such
as the Electra have installed efficiency levels
above 80 percent up to about Mach 0.5, but can
suffer from rapid decreases in efficiency above
this speed due to increasing propeller compressi~
bility losses. These losses are primarily the
result of relatively thick blades (5 to 7 percent
at 75 percent radius) operating at high helical
tip Mach numbers.

The advanced high-speed turboprop has the
potential to celay these compressibility losses to
a8 much higher cruise speea and achieve a relatively
high performance to at least Mach 0.8 cruise.
Although high bypass ratio turbofans exhibit their
highest efficiency at cruise speeds near Mach 0.8,
their performance would still be significantly
below that of the agvancea turboprops.

This paper is decisred s work of the LS.
Governmen! and therefore is in the public domain.

A number of studies have been conducted by
both NASA and industry to evaluate the potential
of advanced high-speed turboprop propulsion for
both civil and military applications. Numerous
references to specific studies and summary results
are listed in Ref. 1. Installed efficiency levels
similar to those shown in Fig. 1 for comparable
technology advanced turtoprops and turbofans were
used in most of these studies. At Mach 0.8 the
installed efficiency of turbofan systems would be
about 65 percent compared to about 75 percent for
the advanced turboprop. At lower cruise speeds,
the efficiency advantage of the advanced turboprop
would be even larger.

The block fuel savings shown in Fig. 2 as a
function of trip stage length is a summary of the
Ref. 1 studies. As shown in Fig. 2, block fuel
savings are dependent on aircraft cruise speed and
range. At the bottom of the band, associated with
Mach 0.8 cruise, fuel savings range from about 15
to 25 percent for advanced turboprop aircraft com-
pared to equivalent technology turbofan aircraft.
The larger fuel savings occur at the shorter oper-
ating ranges where the mission is climb and descent
dominated. Because of the lower operating speeds
encountered during climb and descent, turboprops
have an even larger performance advantage over the
turbofans than they do at Mach 0.8 cruise condi-
tions. In a similar manner, a larger fuel savings
is possible at Mach 0.7 cruise (represented by the
top of the band in fig. 2). At this lower cruise
speec, fuel savings range from about 20 percent to
near 30 percent. Even larger fuel savings may be
possible by recovering the propeller swirl loss
from these single-rotation turboprops. Counter-
rotation and swirl recovery vanes are two promising
concepts for recovering the swirl loss. In addi-
tion, advanced airfoils can also improve perfomance.
A1l of these concepts are currently under study at
NASA and in the industry.

In view of the attractive fuel savings poten-
tial of the advanced high-speed turboprop propul-
sion system, NASA Lewis Research Center has
established the Advanced Turboprop Prggram.
major research and technology programé estab-
lishes the technology base required to lead to the
application of the advanced turboprop propulsion
system concept. One phase of this overall program
was to establish the complete low speed aerodynamic
performance of the SR-2 and SR-3 propeller models
in the takeoff, initial climbout, and landing speed
regimes. The first model shown mounted in the
wind tunnel (Fig. 3) had straight blades while the
second model (Fig. 4) had 45" of blade sweep for
lower noise and improved propelier efficiency.

Both propeller models were tested in the NASA Lewis
10- by 10-Foot Supersonic Wind Tunnel on the Lewis
Propeller Test Rig {PTR). This paper presents the
wind tunnel test results of these two propellers

in the takeoff, climb, and landing speed regime
(i.e., Mach 0.10 to 0.34). Other winc tunnel tests
have measured the performance of these propellers

This



primaril{ }n the higher speed regime of Mach 0.60
to 0.85.4%»

Aerodynamic Design Concepts and Model Description

To achieve the previously described fuel
savings, the propeller on the advanced turboprop
would have to incorporate a number of unique design
features that would enhance propeller performance
and lower source noise. These unique design fea-
tures are required to reduce blade compressibility
losses and attain high efficiency in the transonic
Mach number regime. A propeller designed for a
cruise Mach number of 0.80 at an altitude above
9.144 km (30 000 ft), would have local blade Mach
numbers from just over 0.8 at the blade hub to
supersonic Mach numbers (near 1.15) at the blade
tip. The inherent detrimental effects of these
high Mach numbers on performance are negated by
the design concepts shown in Fig. 5. These con-
cepts include proper shaping of the nacelle to
reduce inboard blade Mach number, blade sweep to
reduce outboard blade local Mach number, thinner
blades to increase drag rise Mach number and spin-
ner area ruling to prevent in-board blade choking.
To hold propeller diameter to a reasonable value,
a high power (or disk) loading and concomitantly a
large number of blades (8 or 10) and increased
chord length are required. The inboard portion of
the propeller then operates as a cascade rather
than isolated blades. These design concepts are
incorporated in the two model propellers,

The propeller models {Figs. 3 and 4) were
both gesigned for an operating condition of 0.80
Mach number, 10.668 km (35 000 ft) 1.S.A. altitude,
243.8 m/s (800 ft/sec) tip spged and a power load-
ing of 301 kW/m~ (37.5 shp/ft¢). Both models
have a diameter of 0.622 m (24.5 in) which was
determined by the design power loading. The over-
all design characteristics and planforms of the
two models are presented in Table 1.

The aerodynamic conic-corrected blade shape
characteristics along mean flow streamlines are
presented for the SR-2 propeller in Fig. 6 and the
45° swept SR-3 propeller in Fig. 7. The thickness
ratio (t/b), twist (ag), desigr 1ift coefficient
(CLp) and planform (b/D) distributions were
established to provige a loading distribution at
the gesign condition for high efficiency and for
the SR-3 propeller, low noise.

The airfoil sections selected for the SR-2
and SR-3 blade design are NACA Series 16 from the
tip to the 45 and 53 percent radius respectively,
ana NACA Series 65 with circular arc (CA) camber
lines from the 37 percent radius to the root with
a transition fairing between. These airfoils were
chosen for their high critical Mach number and
wide, low drag buckets.

The area ruled spinners and nacelle lines are
designea to alleviate blade root choking ana mini-
mize compressibility drag rise. The spinners
incorporate area-ruling and blend into the
nacelle. The nacelle has a maximum diameter equal
to 35 percent of the model propeller diameter.

The performance data were acquired for a model
configuration which had the gaps between the pro-
pelier blade roots and the hub surface sealed.

The gaps were disproportionately large for the

model and were sealed to be more representative of
a full scale propeller. More design information
may be found in Refs. 1% 3-5.

Wind Tunnel Test Program

Wina Tunnel

The SR-2 and SR-3 propeller model tests were
conducted in the NASA Lewis 10- by 10-Foot Super-
sonic Wind Tunnel. This tunnel® incorporates a
13.12 m (40 ft) long, solid wall test section.
Nominal test section Mach numbers can vary sub-
sonically from 0.10 to 0.34 and supersonically
from 2.0 to 3.5. The tunnel was run in the aero-
dynamic cycle versus the propulsion cycle for this
test program. During the aerodynamic cycle, the
tunnel is operated as a closed system with make-up
air added only as required to maintain the desired
tunnel conditions. The freestream velocity cor-
rections due to the propeller thrust in this solid
wall tunnel are discussed in detail in Appendix B
of Ref. 5,

Propeller Test Rig {PTR)

The 746 kW (1000 hp) PTR was designed and
developed specifically for conducting research on
advanced propellers in the Lewis 10- by 10-foot
and 8- by 6-foot wind tunnels. The PTR was strut-
mounted from the ceiling in the tunnel test sec-
tion. The PTR and the SR-3 model are shown in the
tunnel (Fig. 4) while a cutaway view of the PTR is
presented in Fig. 8. The model is driven by a
three-stage agr turbine utilizing high pressure
air at 3.1x10% N/m¢ (450 psi) and heated to
367 K (660 R). The turbine is capable of
delivering nearly 746 kW (1000 hp) to the
propelier model.

The PTR metric system includes two separate
axial force measuring systems. The primary system
is a rotating balance which measures thrust and
torque of the propeller and spinner. The second
system includes a load cell located in the vertical
strut. Both systems measure propeller blade and
spinner forces only, when corrected for internal
pressure tares. Model parts, cther than the spin-
ner and blades, that are metric to the strut moun-
ted load cell are shielded from the freestream
tunnel air by a windscreen (Fig. 8).

Extensive static calibrations of the load
cell and rotating balance were done. Limited
dynamic thrust calibrations were also done. The
dynamic torque calibrations could only be done
with zero torgue. A1l these calibrations were
performed before, during, and after the tests to
assure that no changes occurred during the test.
The calibrations are discussed in more detail in
Ref. 5.

Determination of the Propeller Net Force

The net propeller thrust is defined as the
propulsive force of the blades operating in the
presence of the spinner and nacelle flow field
without the increase in thrust (i.e., apparent
thrust) due to the mutual interaction between the
propelier blades, the spinner and the nacelle.

To determine the difference between apparent
and net thrust, model tare tests were made first



without the propeller blades to evaluate toth the
external spinner aerodynamic drag and the nacelle
pressure drag.

In these tare tests the spinner was replaced
by a “"dummy" hub having no holes for the blades.
A special series of experimental runs was made to
define the spinner aerodynamic and nacelle pres-
sure drag for the same range of tunnel Mach numbers
as would be tested with the model blades. As shown
in Fig. 9(a), the spinner drag (DsT) was measured
directly from the force balance and corrected for
the internal pressure area forces. The nacelle
pressure drag (DyT), was determined by pressure
integration of the longwtud1na1 rows of area-
weighted pressure orifices.

With the propeller blades installed and
thrusting, the force balance measures the alge-
braic sum of the propeller thrust, the spinner
drag, and the internal pressure area forces. The
mode} forces are as shown in Fig. 9(b). The uncor-
rected propeiler thrust (Tppgp in Fig. 9(b)) is
defined as:

= fB -Z PAINT * Dg

When this uncorrected propeller thrust is corrected
for the change in spinner orag {aDg) between the
powered data (Fig. 9(b)) and the tare data

(Fig. 9(a));

TproP

80g = Dg = Dot

the apparent thrust of the propeller is obtained
from:
Tapp = Tprop - aDg
or
Tapp = FB =) PAIET * Dst
where
PAINT = (P = Po) AINT

Now, the nacelle pressure drag was obtained from
nacelle surface pressure integrations:

D= fio - o) o

The change in nacelle pressure drag, aDy, was
obtained from tne difference between these and the
tare run pressure integrations:

60y = Oy = Ony
And finally, the net thrust was obtained by

subtracting the change in nacelle pressure drag
from the apparent thrust:

TneT = Tapp - 60y

More information on the propeller test procedures
used in this test may be found in Ref. 5.

Test Results

Takeoff, Climb and Landing Performance

The SR-2 and SR-3 propeller models were tested
at zero angle of attack over a range of Mach num-
bers from 0.10 to 0.34 and blade angles from -6.8°
to 62.1°. The blace angle (Bp.75R ), measured at
75 percent of the propeliler radius, becomes 90"

when the chord of that airfoil section is aligned
directly with the flight direction. At each blade
angle, model thrust and power were measured over a
range of Mach numbers and rotational speeds. The
blade angle/Mach number combinations tested are
listed in Table 2 for the SR-2 propeller and

Table 3 for the SR-3 propelier. At each blade
angle/Mach number combination, measurements were
taken over an rpm range from the windmilling value
to 9000 rpm, the maximum rpm allowed by blade
stress limitations. Each rotational speed setting
constituted a test point.

The SR-2 and SR-3 propeller performance is
summarized in Figs. 10 to 17 for freestream Mach
numbers of 0.10, 0.20, 0.27, and 0.34. These pro-
peller performance efficiency maps present the
propeller net efficjency ("NgT) and reference
power coefficient {“Pppr) for a given advance
ratio (Jrer) and blade angle. The reference
power coe$f1c1ents and the advance ratios are based
upon the propeller reference diameter of 62.2 ¢cm
(24.5 in). This reference designation is used
because the actual true tip diameter for the swept
SR-3 propelier changes with blade angle and rota-
tional speed as shown in Fig. 18. Reference power
coefficient and reference advance ratio are defined
as:

p
C =
p —3T
REF 0,00
v
JReF = ——
REF

In these figures the performance of tie propeller
is expressed as net efficiency which corresponds
to the net propulsive thrust produced with the
propelier operating in the velocity field of the
nacelle and spinner. Net efficiency is defined as:

Net Thrust x Freestream Velocity

n
NET = Faft Power

and, in dimensionless form:

CTNETJ CTNET,REFJREF
NET T —__t;T' or = >
where
o - -IQEQ__
NET,REF o n‘Dpe

" During the thorough testing in the low speed
operating envelope, no adverse operating conditions
were found. Nor, were any areas of significant
propeller performance loss found that might be
indictive of separated flow on the propeller
airfoils.

Some comparisons of the performance of the
straight blage SR-2 propeller versus the 45° swept
SR-3 propeller at four low speed operating
conditions can be made.



When the airplane is accelerating down the
runway, a representative condition would be a Mach
number of 0.10, an advance ratio of 0.438, and a
power coefficient of 0.50. At this condition, the
45° swept SR-3 propeller design had an efficiency
of 43,5 versus 38.6 percent for the straight SR-2
propeller design, a 4.9 percent advantage.

Near the airplane's 1iftoff condition, the
Mach number would be around (.20, the advance ratio
at 0.875, and the power coefficient at 1.00. At
this condition, the swept SR-3 propeller has a net
efficiency of 54.9 versus 50.2 percent for the
SR-2 propelier, a 4.7 percent advantage.

When the airplane is starting its initial
climbout, a typical operating condition is a Mach
number of 0.27, an advance ratio of 1.16, and a
power coefficient of 1.37. Again, the 45" swept
SR-3 propeller net efficiency is significantly
higher than the SR-2 propeller net efficiency with
a value of 57.2 versus 52.9 percent, a 4.3 percent
advantage.

And finally, when the airplane is farther
into its climbout, a representative condition would
be a Mach number of 0.34, an advance ratio of 1.40
and a power coefficient of 1.70. At this condi-
tion, the 45° swept SR-3 propeller net efficiency
is 59.1 versus 53.7 percent for the straight SR-2
propeller, a 5.4 percent advantage.

Thus, the measured data show that in the low
speed operating regime, the 45° swept SR-3 pro-
peller net efficiency exceeded the net efficiency
of the straight bladed SR-2 propeller by about 4
to 5 percent. The SR-3 performance improvement
over the SR-2 performance is due to a combination
of design factors such as more blade sweep, a bet-
ter twist, chord and 1ift distribution, and a bet-
ter spinner and area-ruled hub cesign.

Reverse Thrust Performance

In view of the importance of reverse thrust
capability of the propulsion system on transport
aircraft, the reverse thrust characteristics of
the 45° swept SR-3 propeller were investigated at
0.10 and 0.20 Mach numbers. The blade angle was
set at -6.8°. Due to mechanical interference,
this was the maximum reverse blade angle that could
be achieved with the model Prop-Fan. The test
results are presented in Fig. 19 in terms of power
and thrust coefficients as a function of advance
ratio. In Fig. 20, the reverse thrust is divided
by the takeoff thrust at Mach 0.20. This parameter
is presented versus velocity for the windmilling
and powered SR-3 propelier. For reference, a
high-bypass turbofan engine is also shown on this
figure. The curves show that the powered SR-3
propeller produce more reverse thrust than that of
a high-bypass turbofan engine. Thus, the advanced
SR-3 eight-bladed propeller is capable of pro-
ducing the large breaking forces desired for
transport airplanes.

Summary of Results

Two variable pitch advanced turboprop propel-
ler models (the straignt-bladed SR-Z and the 45°
swept SR-3) were installed in the NASA Lewis 10-
by 10-Foot Supersonic Wind Tunnel and performance
tested at subsonic conditions corresponding to

typical takeoff, initial climbout, and landing
speeds. The following nesu]ts were obtained:

1. No adverse operating conditions nor areas
of significant propeller performance loss indica-
tive of separated flow on the propeller airfoils
were found in the low speed operating envelope
(i.e, Mach 0.10 to 0.34) with either the straight
bladed SR-2 or 45  swept SR-3 propellers.

2. The 45" swept propeller appeared to be
better designed for low speed operation than the
straight bladed SR-2 propelier because it was more
efficient. The 45 SR-3 swept propeller net effi-
ciency exceeded the efficiency of the straight
bladea SR-2 propeller by about 4 to 5 percent at
all low speed operating conditions. Two of the
goy speed operating conditions are summarized

elow:

(a) At the Mach 0.20 takeoff 1iftoff condition
(J = 0.875 and Cp = 1.0), the straight bladed
SR-2 propeller had a net efficiency of 50.2 percent
while the 45  swept SR-3 propeller had a net effi-
ciency of 54.9 percent. The swept SR-3 advantage
was 4,7 percent.

(b) At a Mach 0.34 climbout condition
(J =1.40 and Cp = 1.70), the straight bladed
SR-2 propelier had a net efficiency of 53.7 percent
while the 45° swept SR-3 propeller had a net effi-
ciency of 59.1 percent. The swept SR-3 advantage
was 5.4 percent.

3. The large amount of reverse thrust measured
for the SR-3 propeller indicates that these new
propellers are capable of producing more reverse
thrust than that of a high-bypass transport turbo-
fan engine

Appendix A - Symbol List

A area, m2
blade activity factor,
1.0
6250[ (b/D)(r/R)3 dx
(r/B) at hub
b elemental blade chore, m
CA circular arc
CLD blade design 1ift coefficient
Cy intfggated design lift coefficient,
f[ ' CLD(r/R)3 dx
{r/B) at hub
Cp power coefficient = P/pon3D5
Cr thrust coefficient = T/ponZD4
D propeller diameter, m
Dy nacelle drag, N
DnT nacelle tare drag, N



DsT
oA
FB

r/R

TprOP

A8

B0.75R

spinner drag, N
spinner tare drag, N
elemental area, me
force baiance, N
aagvance ratio = Vq/nD
Mach number
rotational speed, rps
power, W

pressure forces in the form
(p - pp) * Area, N

pressure, N/mZ
propeller radius, m
radius, m
fractional radius

thrust, N

uncorrected propeller thrust, N

elemental blade maximum thickness, m

velocity, m/sec

biade angle, deg

change in blade angle from the angle at
the 75 percent blade radius, deg

static propeller blade angle at 75 percent

blage radius, aeg

efficiency in percent = TVy/P + 100

mass density, kg/m3

Subscripts

APP
INT
N
0

REF

apparent
internal
nacelle
tunnel freestream condition

reference, based upon 62.2 cm (24.5 in)
reference diameter

tare
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TABLE 1.

SR-3 MODEL PROPELLERS

_ DESIGN CHARACTERISTICS AND PLANFORMS OF THE SR-2 AND

SR-2 SR-3

Number of blades 8 8
Tip sweep angle, deg 0 45
Model diameter, cm (in) 62.2 (24.5) 62.2 (24.5)
Tip speed, m/sec ( %/s 244 (800) 244 (800)
Power loading, kW/m shp/ft 301 (37.5) 01 (37.5)
Activity factor 203 235
Integrated design 1ift

coefficient 0.081 0.214
Airfoils NACA 16.and 65/CA | NACA 16 and 65/CA
Ratio of nacelle maximum 0.35 0.35

diameter to propeller

diameter
Cruise design Mach number 0.80 0.80
Cruise design advance ratio 3.06 3.06
Cruise design power coefficient 1.7 1.7
Measured cruise design net

efficiency, % 76 78
Measured cruise noise level, dB 151 146




TABLE 2. ~ SR-2 PROPELLER TEST RUN
SCHEDULE

Blade angle Mach number
at 75 percent
radius, 0.10( 0.20{0.27 | 0.34
deg

24,
29.
34.
38.
41,
45.
49,
53.
59.

I D¢ DX >¢ X< >¢

1 1 >¢ >C > >< > > ¢

N0 O OO O
e D HC D D > | )
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TABLE 3. - SR~3 PROPELLER TEST RUN SCHEDULE

Blade angle Mach number

at 75 percent
radius, 0.00{ 0.10 | 0.20 [0.27 { 0.34
deg :

[
| >€ >€< >¢ >¢ D¢ >C >«

[ |
[ ]

-
;]
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Figure 1, - Installed propulsive efficiency trends of advanced turbo-
props compared to equivalent technology turbofans.
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Figure 2. - Fue!l savings trends of advanced turboprop air-
craft over comparable turbofan aircraft,



Figure 3. - The SR-2 propeller model with straight blades installed in
the NASA Lewis 10-by 10-Foot Supersonic Wind Tunnel,

Figure 4 - The SR-3 propeller mode! with 45 degree swept
blades installed in the NASA Lewis 10-by 10 - Foot
Supersonic Wind Tunnel,
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Figure 5. - Aerodynamic design concepts for an advanced high speed
turboprop propulsion system.
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Figure 6. - Variation of propeller design parameters with blade radius
for the unswept SR-2 propeller,
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Figure 7. - Variation of propelier design parameters with blade
radius for the 45 degree swept SR-3 propeller.
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Figure 9. - Forces acting on balance during tare and test runs.
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Figure 10, - SR-2 propeller efficiency map at a Mach number of 0. 10,
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Figure 11. - SR-2 propeller efficiency map at a Mach number of 0. 20,
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Figure 12. - SR-2 propeller efficiency map at a Mach number of 0. 21.
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Figure 13. - SR-2 propeller efficiency map at a Mach number of 0,34,
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Figure 15, - SR-3 propeller efficience map at a Mach number of 0. 20,
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Figure 16, - SR-3 propeller efficiency map at a Mach number of 0.21.
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Figure 17. - SR-3 propeller efficiency map at a Mach number of 0,34,
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